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Rotary shaft driven reverse osmosis method and apparatus. 

Reverse osmosis, particularly for water desalination 
uses semipermeable membranes (17) which selectively 
permeate purified water (22) from a feed solution (21) 
pressurized by a reciprocating feed pump (7) driven by ro- 
tating crankshaft (6). Pump action is assisted by depres- 
surizing concentrate fluid within the pump cylinder (24), 
which has an internal displacer (25) separating feed and 
concentrate fluids. Directional valves (8) controlling con- 
centrate fluid flow to and from pump cylinder (24) are 
actuated mechanically by crankshaft (6). A dwell interval 
is provided in displacer motion to permit completion of 
directional valve actuation while displacer is stationary and 
displacer rod (29) is providing compression or decom- 
pression action to approximately equalize pressure differ- 
ences across valve ports prior to valve actuation. Detri- 
mental concentration polarization is reduced by reducing 
pressure and flow fluctuations across membranes by using 
a differential surge absorber (15), a multifeed cylinder 
pump (170) in which the feed cylinders (185, 126, 127) 
are phased apart, or a single feed cylinder pump (261, 
350) with one or more recirculating cylinders (275, 276^ 
365, 366) phased equally from the feed cylinder ' (263, 
360) to supply pulses of recycled concentrate fluid. In the 
multi-cylinder pumps, actuation of the piston rod (193 
194, 195) of one cylinder (185. 186, 187) can be used to 



Inventor: Keefer, Bowie Gordon, 4324, West 1 1th 
Avenue, Vancouver British Columbia V6R 2M1 (CA) 



© Representative: Yelland, William Alan et al, UN. &WS. 
SKERRETT Rutland House 148, Edmund Street, 
Birmingham B3 2LQ (GB) 



actuate a directional valve of another cylinder, which can 
be a spool valve (205, 206, 207) integral with displacer rod 
(193,194,195). 
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ROTARY SHAFT DRIVEN REVERSE OSMOSIS 



METHOD AND APPARATUS 



BACKGROUND OF THE INVENTION 



Field of the Invent ion 



The invention relates generally to reverse 
osmosis and ultrafiltration fluid separation processes, 
and is applicable particularly to water desalination and 
purification by reverse osmosis. 



Prior Art 



In reverse osmosis a feed fluid, eg. saline 
water, is pumped at an elevated working pressure into a 

• ■ w * 

pressure vessel containing semipermeable membranes. 
Purified product water of greatly reduced salinity per- 
meates across the membranes into a low pressure collector 
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if the working pressure exceeds feed fluid osmotic pres- 
sure. Considerable excess working pressure above the feed 
fluid osmotic pressure is required to produce sufficient 
product water flux across membranes of reasonable surface 
area, and also to ensure sufficient dilution of the small 
but finite salt diffusion through the membrane which 
always exists when there is a concentration gradient 
across such membranes. For sea water whose osmotic pres- 
sure is about 25 Kg/sq. cm. , typical working pressure for 
single stage reverse osmosis is of the order of 70 Kg/sq. 



cm. 



While some of the feed fluid stream permeates 
through the membranes, the balance becomes increasingly 
concentrated with salt rejected by the membranes. In a 
continuous reverse osmosis process, a concentrate fluid 
stream must be exhausted from the vessel to prevent 
excessive salt accumulation. In sea water desalination, 
this concentrate fluid stream may be typically 70 per 
cent and sometimes as much as 90 per cent of the feed 
stream. The concentrate stream leaves the vessel at 
almost full working pressure, but before the concentrate 
stream is exhausted from the apparatus, it must be de- 
pressurized. The concentrate stream can be depressurized 
by throttling over a suitable back pressure valve to 
regulate the working pressure and dissipate all the pres- 
sure energy, but this energy dissipation reduces efficiency 
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It is known to recover some of the concentrate fluid 
pressure energy and two examples of energy recovery 
devices in reciprocating pumps are shown in United States 
Patents 3, 55$, 242, ' Inventor W. D. Jenkyn-Thomas , and 
4,124,233, Inventor L. P. S. Wilson. In these patents, 
a sliding spool valve or rotary valve is used to .control 
direction of concentrate fluid flow into and out from 
the expansion chamber of the feed pump, the valve being 
phased relative to the pump stroke to permit fluid entry 
and exit precisely at extreme limits of the piston stroke. 
This, of course, requires accurate valve timing and fast 
valve shift to reduce chances of hydraulic lock or system 
pressure loss, because movement of the valve means cannot 
occur while the piston means is moving. It follows that 
the valve timing mechanism requires close manufacturing 
tolerances, and thus excessive wear in the valve mechan- 
ism would likely produce severe problems. 



As stated previously, the working pressure is 
commonly of the order of 70 Kg/ sq. cm. and thus direc- 
tional valve gear is subject to relatively high forces, 
particularly in view of the relatively poor lubricity of 
sea water. In the two references referred to above, 
directional valve shifting occurs across ports subjected 
to high pressure difference which subject the valves to 
.severe erosion problems, and may impose high loading on 

■ 

the valve gear, tending to aggravate wear and compound the 
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risk of pressure loss. 



Furthermore, for high efficiency, concentration 
polarization must be controlled during reverse osmosis. 
Concentration polarization is the tendency for a concen- 
tration gradient to develop in the feed fluid stream with 
high salt concentration adjacent the membrane face.. This 
tendency results from the bulk transport of saline feed 
water toward the membrane face and the accumulation of 
salt in the boundary layer adjacent the membrane face as 
less saline water permeates through the membrane, balanced 
by diffusion of salt back out of the boundary layer. Con- 
centration polarization is detrimental especially with 
feed fluid solutions of high osmotic pressure such as sea 
water, because the membrane sees a higher concentration 
which raises the effective osmotic pressure. When con- 
centration polarization occurs, working pressure for given 
product flux must be increased, product salinity will be 
increased, and membrane life may be impaired. 



Reverse osmosis systems are typically designed 
to reduce concentration polarization effects by forced 
convection through the membrane array. It is essential 
that continuous feed circulation be maintained past 
the membranes, because even momentary stagnation of flow 
may cause severe concentration polarization. Whilst 
hydraulic accumulator devices are satisfactory in some 
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applications to reduce pressure and flow fluctuations 
across the membranes during return strokes of the pump, 
in other applications improved forced convection can be 
attained by circulating a low' ratio of product flow to 
concentrate flow across the membrane faces, or by auxi- 
liary recirculation, or by mechanical stirring devices. 
However, recirculating flows past the membranes, stirring 
devices, etc. commonly increase considerably the complex- 
ity of the apparatus. 

SUMMARY OF THE INVENTION 

Invention reduces difficulties and disadvantages of 
the prior art by providing a rotary driven feed pump apparatus 
having a yield able piston means adapted for axial movement 
relative to the piston rod means. This relative movement pro- 
vides two major advantages as follows. It provides an ade- 
quate period of time, termed "dwell" interval, when the piston 
means is stationary so that the actuation of a directional 
valve means controlling fluid flow to the feed pump occurs dur- 
ing a period of zero fluid transfer from the pump. The yield- 
able piston means permits sufficient piston rod movement with- 
out piston means movement to essentially equalize pressure 
differences across the ports of the directional valve. Thus 

♦ 

the piston means acts as a displacer mainly to displace fluid, 
whilst the relative movement of the piston rod acts to pressur- 

■ 

ize fluid. Thus the valve can be actuated at an appropriate 
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time while pressure differences across the ports thereof are 
essentially equal, thus reducing wear of valve components. 
Furthermore, in some embodiments of the pump, limited inter- 
mixing of fluids across the displacer is permitted to assist in 
equalization of fluid pressure differences across the 
valve ports prior" to valve actuation. In a multi-cylinder 
embodiment, mechanical simplicity is attained by providing 
integral with the piston rod of each cylinder a valve 
controlling fluid flow to another cylinder. Also, in a 
further embodiment, concentration polarization effects 
are reduced by using one or more recirculating pumps to 
provide pulses of concentrate fluid flow phased apart 
from pulses of the main feed fluid flow. 



Membrane separation apparatus according to the 
invention separates the feed fluid into a permeate fluid 
fraction and a concentrate fluid fraction which respec- 
tively are permeated and rejected by semipermeable mem- 
brane means. The apparatus is characterized by a recip- 
rocating feed pump means, inlet, outfeed and return 
conduit means, means communicating with the membrane 
means to reduce fluctuations in pressure and fluid flow 
across the membranes, first and second valve means for 
directing fluid to and from the membranes, rotatable drive 
means and a dwell means to ensure timely valve actuation. 
The reciprocating pump means has a feed cylinder, a 
movable feed displacer and a feed displacer rod, the 
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displacer dividing the cylinder into a pumping chamber 
in which the feed fluid is pressurized and an expansion 
chamber in which the concentrate fluid fraction is de- 
pressurized. The displacer cooperates with the displacer 
rod which extends through the' expansion chamber and 
^has sealing means to prevent leakage of fluid from the 

cylinder. The cylinder and feed displacer rod have relative 
diameters which define cylinder/displacer rod proportions 
such that ratio of swept volume of displacer rod to 
swept volume of the displacer determines, in part, 
recovery ratio of permeate fluid fraction to total feed 
fluid flow. The inlet conduit means communicates with the 
pumping chamber to admit feed fluid into the pumping 
chamber, and the outfeed conduit means is adapted to com- 
municate the pumping chamber with the membranes so as to 
conduct pressurized feed fluid from the pumping chamber' 
to the membranes. The return conduit means is adapted 
to communicate the membranes with the expansion chamber 
so as to conduct the concentrate fluid fraction, from the 
membranes to the expansion chamber. The first, valve 

* 

means communicates with the expansion chamber and has a 
closed intermediate position between first and second 
positions. The second valve means are non-return valve 
means communicating with the pumping chamber. The first 
and second valve means cooperate with the conduit means 
so as to direct fluid flow from a feed fluid source, and 
to and from the membrane means, and to exhaust depressur- 
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ized concentrate fluid fraction from the expansion chamber. 
The rotatable drive means actuates the feed displacer rod 
and the first valve means whilst maintaining a phase angle 
difference between the displacer stroke and the first valve 
means actuation. The dwell means is associated with the 
pump means and drive means to ensure that the first valve 
means is shifted across the closed intermediate position 
thereof during an interval of essentially zero fluid 
transfer from the cylinder after the beginning of each 
stroke of the displacer rod. The dwell means is char- 
acterized by a yieldable means associated with the dis- 
placer and the displacer rod to permit relative axial 
movement between a portion of the displacer and the 

displacer rod in response to reversal of pump action. 
The dwell means is also characterized by cooperation 

between the displacer and the drive means such that there 

is a dwell interval between the valve actuation and 

the displacer movement sufficient to approximately 

equalize pressure differences across ports of the first 

_yalve means that are about to be opened or closed prior 

to opening or closing of said ports. Thus, in a first 

position of the first valve means, pressurized feed fluid 

from the pumping chamber is fed to the membranes through 

the second valve means while pressurized concentrate 

fluid is discharged into the expansion chamber through 

the first valve means, so that . depressurization of the 

concentrate fluid returning from the membrane means 
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assists in pressurizing of the feed fluid. • m a second 
position of the first valve means, depressurized concen- 
trate fluid is exhausted from the expansion chamber 
through the first valve- means while feed fluid is inducted 
into the pumping chamber through the second valve means. 

A method of membrane separation according to 
the invention can be practiced in . apparatus as above 
specified and is characterized by the following steps. 
As the displacer rod initiates an induction stroke, 
yielding is permitted between portions of the dis- 
placer and the displacer rod so that there is relative 
movement therebetween. While feed fluid is being inducted 
into the pumping chamber, simultaneously depressurized 
concentrate fluid is being exhausted from the expansion 
chamber. After the end of the induction stroke of the ' 
displacer, the valve means is shifted across the 
closed intermediate position thereof during an interval 
of zero fluid transfer in the cylinder and when pressure 
difference across the first valve means is relatively 
low. As the displacer rod initiates a pumping stroke, 
yielding is permitted between portions of the dis- 
placer and the displacer rod so that there is relative 
movement therebetween. While pressurizing feed fluid in 
the pumping chamber to force the pressurized feed fluid 
to the membrane means, simultaneously the pressurized 
concentrate fluid fraction is admitted into the expansion " ' 
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chamber from the membrane means. The concentrate fluid 



pumping stroke of the displacer, the valve means is 
shifted during an interval of zero fluid transfer in the 
expansion chamber when pressure difference across the 

valve means is relatively low 0 

♦ 

In the three cylinder embodiment piston strokes 
phased equally apart. When all three cylinders used as equal 
feed cylinders each connecting rod has main directional 
valve for controlling concentrate flow relative to one of 
the remaining cylinders thus "simplifying valve gear 
ensuring adequate dwell for valve actuation and reducing 
fluid pressure differences across valves before operation 
thereof. When one cylinder is used as feed cylinder with 
two cylinders used as recirculating cylinders membranes 
receive one pulse of feed fluid and two pulses of recycled 
concentrate fluid per revolution thus reducing concentration 
polarization on membrane and torque demand fluctuations. 

For optimum permeate fluid flow and minimum tdrqUe 
demand fluctuations recirculating piston rods each have 
displacements of about one half of feed piston rod 
displacement. 



fraction is depressurized in the expansion chamber to 
supplement energy supplied to the displacer in the 
pumping stroke so that pressure differences across the 
displacer are relatively low. After the end of the 
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In one embodiment having recirculating cylinders 
one recirculating piston rod has main directional valve 
controlling concentrate flow relative to feed cylinder 
ensuring dwell and other advantages above. 
Recirculating pistons have integral directional valves 
to permit concentrate flow to pass recirculating piston 
on return stroke thus simplifying external valving. 
In alternate recirculating embodiment directional 
valves are actuated directly by crank shaft to direct 
concentrate flow and external valves are provided for 
the recirculating cylinders. 

A detailed description following, related to 
drawings, describes preferred apparatus and method 
according to the invention which, however, are capable 
of expression in structure and method other than those 
particularly described and illustrated. 

DESCRIPTION OF THE DRAWINGS 0 

Fig. 1 is a simplified, fragmented diagram showing a 
crank-driven, single feed cylinder pump according to 
the invention, the pump having a first embodiment of 
a displacer or piston means, 

Fig. 2 irs- a diagram showing the valve timing and 
operation of the displacer and displacer rod, 
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is an alternative directional valve means used 
in the invention, 



is a second embodiment of a feed cylinder, 

is an alternative differential surge absorber, 

is a third embodiment of a feed cylinder, 



is an alternative three-cylinder, crank-driven 
feed pump according to the invention, utiliz- 
ing three feed cylinders, 



is an alternative three-cylinder, crank-driven 
pump in which one cylinder is a feed cylinder 
and two cylinders are recirculating cylinders, 
the pumps using an integral directional spool 
valve and internal fluid transfer means, 

is a graphical representation of idealized 
flow or crankshaft torque demand of the Fig. 
# embodiment, 



is "a fragmented diagrammatic section through 
an alternative internal fluid transfer means 
in a piston means of a recirculating cylinder, 
and 
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Fig. 11 is an alternative three-cylinder pump in 

which one cylinder is a feed cylinder and 
two cylinders are recirculating cylinders, 
the pump using an external poppet valve direc-. 
tional valve means, and external fluid trans- 
fer means. 



DETAILED DISCLOSURE 



• * 

J 



Fj -E- 1 



A first embodiment 5 of a membrane separation 
apparatus according to the invention includes a crank- 
shaft 6, a reciprocating feed pump means 7 and a direc- 
tional three-way valve assembly 6. The crankshaft 6 is ■ 
mounted in journals, not shewn, for rotation about an 
axis 9 and has a pair of crank pins or throws 10 and 11 
spaced at a suitable phase angle, as will be described, 
the -throw 10 being shown at approximately mid-stroke and 
the throw 11 being shown at top dead center. Connecting 
rods 12 and 1 3 connect the throws 10 and 11 to the pump 
means 7 and valve means 6. The apparatus further in-, 
eludes a differential surge absorber i 5 , a. membrane 
vessel 16 containing semipermeable membrane means 17, 
and optional low and high pressure, filters 18 and 1 9 .' 
Feed fluid 21 is separated into a permeate fluid fraction 
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22 and a concentrate fluid fraction 23 which are respec- 
tively permeated and rejected by the membrane means. 

The pump means 7 has a feed cylinder 24 and a movable 
feed piston means or feed displacer 25, the piston means 
dividing the cylinder into a pumping chamber 27 in which the 
feed fluid is pressurized, and an expansion chamber. 2d in 
which the concentrate fluid is depressurized. Several equi- 
valent piston means are envisaged, all of which function more 
as a fluid displacer than as. a' fluid pressurizer and differ from 
conventional rigid pistons as will be described. Whilst the 
terms "piston means", "displacer", etc. are used in the dis- 
closure, the term "displacer" is used in the broad claims in- 
cludes all such embodiments. The piston means cooperates with 
a piston rod means or feed displacer rod 29 extending through 
the expansion chamber and is hinged to the connecting rod 12 
so that rotation of the crankshaft reciprocates the piston rod 
means. The piston rod means 29 has a pair of spaced stops 30 
and 31 fitted with oppositely facing resilient pads 30.1 and 

• - 

31.1. -The piston means 25 includes a piston disc 32 
with a bore 33 accepted in a sliding fit on the piston 
rod means, the disc being interposed between the pads of 
the spaced stops and being free to slide between the 
stops, the pads reducing shock loads when the disc 32 
contacts the stops. Alternatively, the piston disc it- 
self, or the stops may be resilient to reduce shock loads. 
Clearance between the bore 33 and piston rod means 29 is 
sufficient to permit a limited flow of fluid therethrough 
when the disc 32 is" clear of thP ct^«. 
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32.1 surrounds an outer periphery of the P iston disc 32 to 
prevent excessive leakage of fluid past the outer periphery 
and the cylinder wall. Spacing 35 between the pads of the 
stops and thickness of the disc are such that the piston 
rod means 29 can move axially through the disc 32 with 
negligible movement of the disc between approximately 10 
. and 30 per cent of total piston stroke. Hence the piston 
disc 32 floats on the piston rod means, and the recipro- 
cating stroke of the piston disc 32 will be less than that 
of the piston rod means 29, and is a feature of importance 
to the invention as will be described. Sealing means 26 
around the rod means prevents leakage of fluid from the 
cylinder. The cylinder 24 and thus the piston means 25 
or disc 32, and the piston rod means 29 have relative dia- 
meters which define piston rod or displ^er rod/cylinder pro- 
portions which, as will be described, determine in part re- 
covery ratio of permeate fluid fraction to total fluid flow. 

Inlet conduit means 36 communicate with the 
pumping chamber 27 to admit feed fluid 21 .from a feed 
conduit portion 3 S immersed in feed fluid, a non-return 
check valve 37 admitting the- feed fluid through the filter 
IS and conduit portion 36 whilst preventing return flow ^ 
from the chamber into the conduit means 36. Outfeed 
conduit means 39 communicate the pumping chamber with the 
membrane means 1 7 via the differential surge absorber 15 . 
and filter 19 to conduct pressurized feed fluid from the 
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pumping chamber to the membrane means. A non-return check 
valve 40 in the conduit 39 prevents return flow of fluid 
into the pumping chamber. 



The outf eed conduit 39 consists of a conduit 
portion 41 extending between the differential surge ab- 
sorber 15 and the pumping chamber, a conduit portion 42 
extending between the differential surge absorber and the' 
filter 19, and a conduit portion 43 extending from the 
filter 19 to the membrane vessel 16. A return conduit 
means 44 communicates the membrane means with the expan- 
sion chamber 28 to conduct the concentrate fluid fraction 
from the membrane means to the expansion chamber 28. The 
means 44 has a conduit portion 45 extending between the 
differential surge absorber 15 and the membrane vessel 16, 
and a conduit portion 46 extending between the directional 
valve assembly 8 and the differential surge absorber 15 • 
The valve assembly 8 has a vent or exhaust conduit 47 to 
conduct the concentrate fluid fraction 23, usually to 
waste, and a connecting conduit 48 communicating with the 
expansion chamber 28. 



The valve assembly 8 is a three-way directional 
control valve and has a sliding valve spool 49 having an 
upper end hinged to the rod 13 to impart reciprocating 
linear travel to the spool. The spool is shown at an 
upper limit of travel in which' the conduit portion 46 is 
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connected with the connecting conduit 48 to conduct the 
concentrate fluid fraction from the membranes to the 
expansion chamber. At a lower limit of travel, not shown, 
the connecting conduit 48 is connected to the exhaust 
conduit 47 as wiil be described. Because water has low 
viscosity and lubricity, the spool 49 is fitted with 
dynamic sealing rings 52 of suitable composition, for 
example glass-filled fluorocarbon polymeric compounds to 
minimize leakage and prevent spool seizure. Thus, the 
valve assembly 8 is a two-position, center-closed, three- 
way valve having a movable spool, the spool having travel 
between two positions through a closed intermediate posi- 
tion to interchange conduit connections, the travel being 
determined by throw of the crank pin 11. The valve 
assembly g directs fluid to or from particular conduits 
communicating with the expansion chamber 28, and is termed 
a first valve means. The non-return valves 37 and 40 
control flow in conduits communicating with the pumping 
chamber 27 and are termed second valve means. As will be 
described, the first and second valve means cooperate 
with' the conduit means so as to direct fluid flow from 
the fluid source and to and from the membrane means and 
clearly alternative first and second valve means can be ** 
substituted. 



The differential surge absorber 15 has a 
cylinder 6 5 and a piston means 64, the piston means divid. 
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ing the cylinder 65 into a concentrate surge absorber 
chamber 66 and a feed surge absorber chamber 67. The 
piston means cooperates with a piston rod means 69 extend- 
ing through the concentrate surge absorber chamber 66 and 
has sealing means 70 and 71 to prevent mixing and leakage 
of. fluid. For smooth operation of the surge absorber the 
seals are selected for low friction characteristics. A 
compression spring 72 encloses the piston rod means and 
extends between the piston means 64 and the chamber so 
that the piston means is effectively spring-loaded and 
double-acting and reciprocable within the cylinder. Thus, 
the spring means cooperates with the piston means to force 
the piston means in a direction to exhaust the feed surge 
absorber chamber. The feed surge absorber chamber 67 is 
exposed to pressurized feed fluid in the portion 41 of - 
the outfeed conduit 39 and also communicates with the 
membrane vessel 16 through the conduit portions 42 and 43. 
The concentrate surge absorber chamber 66 is exposed to 
the concentrate fluid, fraction in the conduit portion 45 
of the return conduit means 44 and also communicates with 

* - 

the .valve assembly 13 through the portion 46. 

:The piston means 64 and piston- rod means 69 function 

*■ . • . . 

similarly to the feed displaicer 25 and feed. displacer rod 29, and 
thus can be also considered as an absorber displacer and absorber 

• ■ . ■ * 

displacer rod. The piston rod means 69 and the cylinder 65 of 
the surge absorber chamber 67 have relative diameters generally 
similar to the piston rod/cylinder proportions of the. feed pump 
.7. but have a displacement several times greater and thus can 
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accommodate the recovery ratio of the permeate fluid' fraction to 
the total -fluid fraction. One feature of the differential surge 
absorber is approximate coupling of the concentrate and feed 
surge absorber chambers 66 and 6? with a ratio similar to that 
of the pump means 7, ie. a similar displacement ratio,, so as to 
serve as a load leveller for the pump means. The spring 
72 is relatively small and the' piston rod means 69 is of 
relatively small area when compared with the piston means 
64, and the differential surge absorber is charged to full 
effectiveness within a few crankshaft revolutions when 
starting up as will be described. It should be noted 
that extension of the piston rod means 69 from the surge 
absorber provides a visual indication of hydrostatic 
pressure of the system by its position at any instant. 
Piston rod/cylinder area proportions of displacement 
volumes can be within the range of 1:10 and 1:2 for prac- 
tical recovery ratio. 



• The membrane means 17 are housed in the mem- 
brane vessel 16 in suitable arrays known in the art and 
a low pressure product channel 76 receives product water 
from the membranes whichHLs discharged through product 
conduit 77. The geometry of the membrane arrays in the 
membrane container vessel is designed to ensure sufficient 
forced convection of the feed fluid to prevent excessive 
concentration polarization effects. If the feed fluid 
flow velocity is dropped too low, concentration polariza- 
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tion effects can become severe. 



OPERATION 



Referring to Fis- i ,• , 
*ents of ,K ■ « ltl all y complete m0 

—t. of the Plst0n means are no . . . ' 

detail w described in 

detail but are simplified to provide a „ / 
of th= „ t"oviae a broad understanding 

the operation of the invention, which ls th . , " 

in detail with r»f» described 

1,11,1 reference to Fiz ? « u 

is rotate, • „■ the er ankshaft 6 

3 rotat lns in direction of an arrow 73, the feed piston 
-ans 25 is aoving downwa^s in direction of 
- execute a pumping stroxe. • ^ pl ^d " ^ 
against the stop 3 0 to ur " f ° r ° ed 

33 of the disc 1 1 leakage 

uppe^ost o J- " SP ° 01 49 iS in its 

Ppermost posxtion in which the vent conduit W 4 , ' 

and the conduit portion , * Cl0Sed ' 

portion 46 communicates with th. 

ing conduit 48 to pass the connect- 
f ractio r Pressurised concentrate fluid 

fraction from the membrane vessel 16 + h 

66 of the differential ^ ^ 

assembl J fferSntlal 3-ge absorber, through the valve 
assembly g into the expansion chamber 2d to act on "a 

rear fae<* «#• +.u c on a 

ace of piston means 25 %a „ 
is depressuri 2e d in th „ concentrate fluid 

on th • 28 *** ^^erates a force 

on the pxston means which augments force from the c 
ing rod 12 as the pi ston connect- 

" means travels downwards in the 

Pump cylinder 24 in di^^ - 

direction of the arrow 74, Simula 
eously pressurizing, feed, fluid in th s ^tan- . 

XUld ln the pumping chamber 27. 
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The check valve 37 is held closed by the feed fluid pres- 
sure and the check valve 40 is open to transmit pressur- 
ized feed fluid from the pumping chamber 27 through the 
conduit portion 41 into the feed surge absorber chamber 
67 of the differential surge absorber 15 . Pressurized 
feed fluid from the chamber 67 passes through the conduit 
portion 42, through the high pressure filter 19 and the 
conduit portion 43 into the membrane vessel 16. 

The permeate fluid 'fraction is permeated by 
the membrane means and passes into the low pressure pro- 
duct channels 76 to be collected from the product conduit 
77. The concentrate fluid fraction is rejected by the 
membrane means and passes through the conduit portion 
45 into the concentrate surge absorber chamber 66, 
through the conduit portion 46 and the valve assembly 
S into the expansion chamber 23. The concentrate fluid 
pressure acts on the rear face of the piston means 25 and 
hydrostatic pressure energy of the concentrate fluid can 
be utilized, permitting recovery of a substantial portion 
of the energy supplied to the feed fluid. Pressure of 
the concentrate fluid in the expansion chamber 28 is only 
slightly less than pressure of feed fluid in the pumping 
chamber -27. and thus, taking into consideration the re- 
duced area. of the rear face of the piston upon which 
pressure of the concentrate fluid acts, the crankshaft 
has to supply only a fraction of the power that would 
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have been required without energy recovery. 



As will be described in greater detail with 
reference to Fig. 2, when the crank pin 10 is diametri- 
cally opposite to the position shown in Fig. 1, the. 
piston disc is moving upwards executing a return or indue 
tion stroke is against the stop 31, as shown in broken 
outline, again preventing leakage through the bore 33. 
The valve spool 49 is in an opposite position, not shown, 
in which the conduit portion 46 is closed, thus isolating 
the valve assembly S from the surge absorber 15, and the 
vent conduit 47 is open and communicates with the connect- 
ing conduit 4S and is thus exposed to fluid in the expan- 
sion chamber 2S\ The check valve 37 is open to induct 
feed fluid into the pumping chamber 27, and the check 
valve 40 is closed preventing return flow of fluid from 
the differential surge absorber. Upwards movement of the 
piston means on the return stroke exhausts depressurized 
concentrate fluid from the expansion chamber 2t through 
thejalve assembly and the vent conduit 47, usually to, 
waste. 



As pressure in the feed surge absorber chamber 
67 drops slightly as a result of continuing permeation of 
product water through the membrane means 17, the spring 
72 forces the differential surge absorber piston means 
64 downwards towards, the conduit portions 41 and 42. 
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Force from the spring 72 is augmented by pressure of 
concentrate fluid from the membrane means flowing into 
the concentrate surge absorber chamber 66 and acting on 
the rear face of the piston means 64. Downward movement 
of the piston means 64 of the differential surge absorber 
maintains a flow of feed fluid into the membrane vessel 
and across the membrane means, thus. tending to reduce 
concentration polarization effects that would otherwise 
occur. Thus, stagnant flow conditions on the concentrate 
fluid side of the membrane means during the return stroke 
of the feed pump are reduced and there is sufficient 
displacement of the piston means 64 to maintain adequate 
flow through the membrane vessel throughout the return 
stroke. It can be seen that the differential surge 
absorber 15 serves as a means communicating with the 
membrane means to provide essentially uniform pressure 
and f eed fluid flow across the membranes during opera- 
tion of the apparatus. The differential surge absorber 
communicates with the outfeed and return conduit means 
and is interposed between the membrane means and the 
first and second valve means to absorb pressure fluctua- 
tions while providing essentially uniform fluid flow 

■ 

across the membranes. 



It is noted that upon reversal of piston rod 

B * ► 

movement there is relative movement, ie. axial sliding, 
between the piston disc 32 and the piston rod means 29. 
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This results in lost motion or dwell of the piston disc 
32 following piston rod reversal and is essential to 
operation of the invention, although the dwell can be 
attained with different structures, m the description 
following, the dwell is described in detail and this 
effect permits shifting of the valve means 0 during an 
interval of zero fluid transfer in the cylinder with 
negligible pressure loss and with reduced valve wear, as 
will be described. . The piston disc is described as 
reciprocating between stops 30 and 31 on the piston rod 
means, whereas in fact it reciprocates between the pads. 
30.1 and 31.1 on the stops. 



Fig. 2, With Some Reference t-.n tr-i r 1 



Fig. 2 shows piston and valve relative posi- 
tions and sequences for. a complete clockwise revolution 
of the crankshaft 6, angular spacing not being to scale 
for clarity. Top dead center of the throw 10 of the 
Piston rod means is taken as crankshaft datum and is 
designated A which is immediately prior to a piston 
pumping stroke, and corresponding bottom dead center, • 
-hich is immediately prior to a piston induction stroke, 
is designated B. Dwell D is the interval of zero fluid 
transfer in. the feed cylinder following reversal of 

reciprocating action applied to the piston rod means 
and, in this embodiment dwell can be defined as the 
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interval, expressed as angular spacing or dwell angle D, 
between commencement of piston rod pumping stroke at 
A and commencement of piston means pumping stroke 
designated E. The same definition applies for a piston 
rod induction stroke and its angular spacing between B 
and F. The sequence of operation is as follows. The 
throws 10 and 11 are indicated in broken outline on the : 
diagram spaced at a phase angle C which is somewhat less 
than 90 degrees and thus is compatible with Fig. 1. Note 

• that the throw 10 is shown at top dead center and is thus 
in a position which is shifted about; 9 0 degrees relative 

to the crankshaft datum when compared with the position. 

During an induction stroke, the piston means 
approaches A and the valve means S is connecting conduits 
4S and 47 to vent concentrate fluid from the expansion 
chamber, while conduit 46 is closed. Fluid pressure in 
chambers 27 and 28 is low and shortly after A, at G, the 
conduits 4S and 45 are disconnected or closed with the ' 
conduit 46 remaining closed. Thus all conduits are. 
closed in the closed center position of the valve and 
there can be no fluid transfer from the cylinder. Pis- 
ton rod means 29 starts moving downwards into the 
chamber 27, whilst the piston disc 32 remains stationary, • 
the rod means acting as a pump plunger pressurizing feed 
fluid, in the chamber 27 which- is a closed chamber. As 
pressure in the chamber 27 increases, slightly before. E 
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at H the check valve . 40 (see Fig. 1) begins to "open to 
deliver feed fluid into the differential surge absorber 
15 through the conduit portion 41. Between H and E, at 
J the first valve means re-opens to connect the conduit 
portions 4* and 46 at which time pressure in these two 
conduit portions, has already been approximately equalized 
by the pump plunger action of the piston rod means, and 
shortly thereafter at E the stop contacts the piston disc 
32 so that the piston disc now moves with the piston rod 
means, thus terminating the dwell interval D and commenc- 
ing the piston means pumping stroke proper. 

Further rotation of the crankshaft 6 completes 
the piston rod pumping stroke, whilst the valve spool 49 
reaches top dead center position of its stroke at I and 
then starts to descend. At bottom dead center B the " 
piston disc reaches its lower limit in the cylinder, 
commencing the dwell interval and the check valve 40 
closes. Shortly thereafter at K the valve 6 closes the 
conduits 48 and 46, -with the conduit 45 remaining closed, 
once again at the closed center position. The piston 
rod means again passes through the stationary piston 

♦ 

disc 32 and acts as a pump plunger to withdraw from the 
chamber 2? which is closed and thus pressure therein is 
reduced. When the pressure is further reduced shortly 
before F, the check valve. 37 opens at L and feed fluid 
begins to enter the pumping chamber . 27 through, the 
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conduit 36. Shortly afterwards, at M, the valve 0 con- 
nects the conduits 48 and 45 at which stage the pressure 
in the conduits 45 and 45 has been approximately equal- 
ized. Shortly thereafter at F, the stop 31 contacts the 
piston disc 32 terminating the piston dwell period and 
the piston disc now commences an induction stroke. The 
piston disc completes the induction stroke while the 
valve passes its bottom dead center position at N and 
then reverses. The piston rod means 29 returns to the 
top dead center position A, completing the cycle which 
is then repeated. Angular separation between points A 
and G, H and J, J and E and corresponding positions on 
the diametrically opposite side are shown exaggerated 
and typically might be between 2 and 5 degrees depending 
on size of fluid ports, and valve spool geometry, manu- 
facturing tolerances and volume changes of the cylinder, 
etc. due to pressure variations. Dwell D might be bet- 
ween 20 degrees and 60 degrees. Projections P and R 
from the diagram represent piston rod stroke and piston 
disc stroke respectively for both induction and pumping 
strokes. 



To retain the above sequence of valve 
actuation relative to piston means position, the throw 
11 of the valve means must be spaced 90 degrees, from a 
mid-point S of the dwell interval D. Thus,, as drawn, 
the throw 11 for the. valve spool is spaced at a phase 
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shift of (90 - D) degrees lagging the throw 10 for the piston 
means and thus, valve top center I follows piston top dead 
center A by a phase shift angle of (90 - D). Similarly, N 
preceeds A by a phase shift angle of (90 - D) degrees. Alter- 
5 natively the throw 11 can be phased (90 + D) degrees leading the 
the throw 10. Thus the displacer rod and first valve means 
are separated by a phase angle which differs from. 90 degrees 
by half of the dwell angle. 

Thus the provision of dwell using a floating 
10 piston requires a crankshaft having throws for actuation 
of the piston and respective valve means to be spaced 
apart or phased apart at angle other than 90 degrees to 
accommodate this dwell, at a phase angle of (90 + D) 
degrees. This enables the first valve means to be fully 
15 closed during the dwell period, that is the valve is in" 
its center closed position and the valve closure angle V 
of the first valve means is overlapped at both ends by 
portions of the dwell angle D. The center closed posi- 
tion of the valve which prevents fluid leaving the cylin- 
der and thus permits approximate equalization of pres- 
sures across ports of the first valve means about to be 
opened or closed. Approximate pressure equalization 
across related conduits increases life of critical valve 
seals and seats without severe erosion and wear Usually 
25 experienced with high pressure fluids of low viscosity, 
low compressibility and low lubricity. Approximate 
equalization of pressure differences across the ports 



20 
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about to be opened also reduces the forces that must be 
applied to actuate the valve means, thus extending life 
and reliability of valve actuation mechanism. The embodi- 
ment 5 of Fig. 1 relies essentially on the position of the 
piston means as determined by the linkage to interchange 
smoothly the^three-way valve assembly $ as the piston 
means reaches its dead center positions at ends of piston 
stroke in the feed cylinder. It can be seen that both 
the piston rod means 29 and the valve spool 49 of Fig. 1 
have smooth quasi-harmonic reciprocating motion which is 
appropriate for relatively large units where flow momentum 
effects are material. Dwell can be increased above the 
minimum required for valve sequencing to further reduce 
hydraulic shock which might otherwise occur. Clearly, 
in view of the incompressible character of sea water, the 
crankshaft actuated apparatus could not function without 
positive dwell provided by the floating piston means or 
equivalents. Relatively slow actuation of directional 
valves conveying a harsh liquid is desirable and this is 
attained by the qua si -harmonic valve actuation and dwell 
means. Valve closure angle V can be increased by slowing 
valve speed or extending closed center portion of the' 
valve spool, but dwell D must overlap V at both ends. A 
suitable range of angles of. dwell D would be about 20 
degrees to 60 degrees, the greater dwell angles being 
more appropriate for higher operating pressures and/or 
speeds. . 
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The dwell interval should be sufficiently long 
to enable valve actuation at acceptable speeds and also to 
enable approximate- pressure equalization across the first 
valve. With relatively long dwell periods, the piston rod 
acquires considerable velocity at the end of the dwell interval 
and relatively low crankshaft speeds are preferred to reduce 
cohtact shocks between the piston disc and stops. 



ALTERNATIVES AND EQUIVALENTS 



Alternative crank mechanisms equivalent to the 
simple two throw crankshaft can be substituted to provide 
separate quasi-harmonic motion of the piston rod means, a 
Piston dwell interval after each reversal of the piston 
rod means, and a 9 0 degree phase difference from the mid- 
point of the dwell interval for actuation of the three-way 
valve. Alternative mechanisms include, for example, 
swash plate drives, scotch, yoke drives, axial and radial 
roller cam drives and others. Clearly, particularly with 
cam drives, a wide range of piston rod and valve spool 
accelerations and velocities are possible, and a wide 
range of dwell separations and periods can be attained. 



Fig;. 3 



An alternative first valve means Si is for use 
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with the embodiment 5 of Fig. 1 and equivalents, and is a 
three-way valve having a spool which is effectively a 
sliding cam 6*2. The cam 82 actuates two two-way poppet 
valves 85 and 86 having complementary, seats 87 and 88 
communicating with conduits as follows. A return conduit 
portion 89 communicates with th_e differential surge ab- 
sorber, not shown, a connecting conduit 90 communicates 
with the expansion chamber of the pump means, not shown, 
and a vent or exhaust conduit 91 communicates with a con- 
centrate fluid outlet, not shown. The valves 85 and 86 
have respective springs 93 and 94 which initiate closure 
of the valve with fluid pressure differences augmenting 
sealing of the valve. Seals 96 and 97 mounted in stem 
guides prevents fluid leakage past the stems of the pop- 
pet valves, and hardened steel balls 98 and 99 protect 
the stems against lateral forces. It is mandatory that 
profile of sliding cam 82 be such that at least one of 
the poppet valves will remain seated at all times. If 
both poppet valves were lifted at once, even momentarily, 
the conduits 89 and 90 would be connected to vent pressure 
and the apparatus would be inoperative. The spool 82 is 
connected to the rod 13 of Fig. 1, and the means 8l can 

r 

be directly substituted for the valve assembly 8 and 
f mictions similarly. 



In operation, the valve is shown in a fully 
raised position which occurs on the pumping stroke and 
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the cam 82 lifts the valve 8 5 off the seat 8 7 so that con- 
duits 89 and 90 are connected to admit pressurised con- 
centrate fluid from the membrane means into the expansion 
chamber. The valve 86 is seated by the spring 9t ^ 
unbalanced hydrostatic pressure. On the pump return 
stroke, not shown, jhe valve 86 is lifted off the seat 88 
so as to vent the expansion chamber into the vent conduit 
91, and the valve 8 5 is closed by the spring 93 and hydro- 
statxc pressure, thus preventing concentrate fluid flow 
from the membrane means. 



Fig- t 



An alternative pump cylinder 105 communicatee 
«lth the inlet conduit 36, the outfeed conduit 39 and the 
connecting conduit 48,. as previously described with refer- 
once to Fig. 1. a. pump cylinder ^ ^ ^ 

Piston rod means 106 which cooperates with a flexible 
diaphragm or bellows 108 which is secured to the pump 
cylinder 10 5 by a static seal 110 at one end thereof and 
at an opposite end thereof to the piston rod means. The 
diaphragm thus divides the pumping cylinder into a pumping 
chamber 109 on one side of the diaphragm and an expansion 
chamber 111. on an opposite side of the diaphragm aad thus 
separatee feed and concentrate fluid fractions and serves 
as substitution for the piston means of the Fig. 1 erabodi . 



ment . 



The flexible diaphragm is feasible because only 
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small differences in hydrostatic pressure normally exist 
between the pump chamber 109 and the expansion chamber . 
Ill, The flexible diaphragm or bellows eliminates the 
friction losses of the seals 32.1 of the piston means 25 
of Fig. 1 and also may simplify manufacturing since 
tolerances may be less critical. Preferably the diaphragm 
108 should be elastically relatively stiff to prevent 
collapse under pressure differences, because if collapse 
occurs, its displacement will be reduced and it will not 
function satisfactorily. Alternatively, the feed fluid 
can be supplied to the inlet conduit 36 at a boost pres— 
sure exceeding exhaust pressure in connecting conduit 
The diaphragm does not provide rigid boundaries between 
the feed and concentrate fluids and it can be seen that 
motion of the piston rod means 106 can cause fluid dis- 
placement in the pumping chamber 109 with zero fluid 
displacement in the expansion chamber 111. Thus the 
diaphragm is yieldable to fluid pressure as. a result of . 
piston rod motion and thus is compliant upon reversal of 
reciprocation action. Thus, it can be seen that resil- 
ience of the diaphragm provides an alternative means to. 
attain dwell to permit timely valve shifting without 
^luid transfer from the cylinder. Note that there is no 

* 

transfer of fluid between the chambers 109 and 111 separ- 

■ * 

ated by a non-perforated bellows% With adequate . stiff ness 

and appropriate fluid pressure differences, the diaphragm 

• <- 

can function as a feed displacer similarly to the Fig. 1 piston 
means 25 but without fluid intermixing, and the rod means 106 
functions also as a feed displacer rod.. 
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Fig- 5 



An alternative differential surge absorber 11$ 
can be a direct substitution for the differential surge 
absorber 15 of Fig. 1. The absorber 11$ has an alternative 
cylinder 119 communicating with conduit portions 41 and 42 
of the outfeed conduit means 39, and with conduit portions 
45 and 46 of the return conduit means 44. The surge 
absorber 11$ has an alternative piston rod means 121 which 
cooperates with a flexible diaphragm or bellows 123 which 
is secured to the cylinder by a static seal 125 at one end 
thereof, and at an opposite end thereof the piston rod 
means. The diaphragm divides the cylinder 119 into a con- 
centrate surge absorber, chamber 129 and a feed surge 
absorber chamber 130. A spring 131 encircles the pistori 
rod means 121 and functions similarly to the spring 72 of 
Fig. 1. Consideration relating to the substitution of 
the rigid piston means 25 of Fig. 1 for the diaphragm 
means 10$ of Fig. 4, apply also to the structure of Fig. 
5. 



Fig. 6 



An alternative flexible piston means or feed dis- 
placer 13 £ can be substituted for the sliding piston disc. 32 

in the feed cylinder 24 of Fig. 1, and cooperates with an alt- 

■ ■ 

ernative piston rod means or feed displacer rod 139* The pis- 

* ■— . • 

ton rod means has a pair of spaces supports 141 and 142 having 
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partially spherical surfaces 143 and 144 disposed oppositely 
to each other. A flexible disc 146 has a central bore to 
accept the rod means 139, and has shallowly, convexly curved 
opposite faces 147 and 143 when in an undeformed state, not 
shown, and has an outer periphery 149 of slightly larger 
diameter than bore of the cylinder. The periphery carries 
a hard wearing, low friction sealing ring 150 which pro- 
jects from the periphery sufficiently to be in sliding and 
sealing engagement with cylinder walls. The disc is fitted 
between the supports and is thus deformed into a saucer- 
like shape by the cylinder. The disc is sufficiently 
flexible so that as the piston rod reverses its axial 
motion, inner portions of the disc flex to follow the rod 
movement whilst outer portions of the disc remain in 
static contact with the cylinder walls until limit of 
deformation of the disc is reached, at which time the 
periphery of piston disc slides on the cylinder walls. 
The piston is thus sufficiently compliant to permit, upon 
reversal of piston rod movement, movement of the piston 
rod means and adjacent portions of the disc a relatively 
large amount, typically between about 10 and 25 per cent 
of total piston rod stroke, with negligible sliding of 
the sealing ring on the cylinder wall. The disc thus 
deforms so that travel of the outer rim is less than 
travel of the piston rod means. It can be seen that , the 
piston disc deforms from an. upwardly convex shape as shown 
when the piston travels downwards to a downwardly convex 
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.shape, shown in broken outline at 146.1, upon reversal of 
piston rod movement. This deformation of the disc occurs 
with negligible slippage of the disc relative to the walls. 
Thus, it can be seen that such a piston disc 146 serves in 
effect as a resilient, essentially plane diaphragm means 
carried on the piston rod means and has sufficient resi- 
lience to permit piston rod movement with negligible piston 
disc movement adjacent the outer periphery thereof and thus 
can provide dwell to permit timely valve shifting and appro, 
ximate pressure equalization at valve ports. 

A resilient piston disc as above described, when 
used with a rotating drive similar to the crankshaft 6 of 
Fig. 1, functions generally similarly to the sliding pis- 
ton disc of Fig. 1 without the transfer of fluid between 
the expansion and pumping chambers. It can thus be con-" 
sidered to be a stiff er diaphragm than the bellows 103 of 
Fig. 4 and similarly permits the first valve means to open 
or close conduits only when pressure across the disc has 
been approximately equalized, thus reducing pressure 
differences at the valve ports with a corresponding- 
reduction in erosion and valve gear wear. 



It .can be seen that the flexible piston disc 
146 of Fig. 6, the floating piston disc 32 of Fig. .1 and the 
diaphragm or bellows 108 of Fig. 3 are generally equivalent 
feed displacers, and these can be defined as yieldable means 
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associated with the displacer and the feed displacer rod to 
permit relative axial movement between a portion of the dis- 
placer and the displacer rod in response to reversal , of pump 
action. The yieldable means provide a positive dwell which 
can be selected for a desired value and is particularly impor- 
tant when the apparatus is used for desalination of brine which 
has harsh properties of low viscosity, poor lubricity and cor- 
rosiveness. Other equivalent yieldable displacers can be sub- 
stituted, and the above displacers and equivalents can be used 

■ - 

in alternative pump means, further examples of which are des- 
cribed as follows. Thus the displacers circulate fluid and 
permit recovery of concentrate fluid energy, but do not act to 
compress or decompress the fluid. The feed displacer rods act 
as plungers to displace water from the membranes, increase or 
decrease pressure when the displacer is stationary, drive the 
displacer, and can cooperate with valve means as will be des- 
cribed with reference to Fig. 7- 

A triplex feed pump assembly 170 has a crankcase 
172 and a crankshaft 173 having three throws or crank pins 
175, 176 and 177, the shaft being journalled for rotation 
about an axis 179. In the description following, the 
crankshaft rotates in the direction of an arrow 181 and 

* * • 

the three throws are spaced equally 120 degrees apart as 
in a conventional three-throw crankshaft • 

The pump assembly 170 includes first, second and 
third feed cylinders 1#5, l£6 and 1#7, corresponding to the 
throws 175 > 176 and 177, each cylinder having first, second 
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♦ 

191, having respective piston rod means or feed displacer rods 
193, 194 and 195- The piston means are shown diagrammatic ally 
and can be generally similar to the sliding piston means or 
feed displacer 25 as shown in Fig. 1. Thus, for example, when 
considering the first piston means 189, a piston disc 192 is 
fitted between stops 196 on the rod means 193 and cooperates 
with the piston rod to permit relative axial movement between 
the disc and rod as previously described, or equivalent yield- 
able displacers can be substituted. Spacing 199 between oppo- 
sitely facing faces of one of the stops 196 and the disc 192 

defines relative movement between the piston rod means and 

piston disc. For three equally spaced cylinders, the spacing . 

199 is one-quarter of the stroke of the piston rod means, ie. 

half the crankshaft throw. This is because dwell angle 

for each cylinder is 60 degrees, as follows. Referring - 
briefly to Fig. 2, the dwell angle D is an angular 
representation of the minimum spacing 199 or travel of the 
piston disc relative to the piston rod, ie. dwell angle D 
represents crankshaft rotation occuring without piston disc 
movement, and also the phase difference between first valve 

■ * • 

means and piston rod is (90 + D) degrees. 

Minimum gap between piston and seat = P - R . 

= P (1 + cos D). 

Referring again to Fig. 7, for three cylinders equally spaced, 
cylinder spacing = 3 60 = 120° 

T" 

nominal dwell angle = (120 - 90°) x 2 = 60°. 
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For 'n' cylinders 



nominal dwell D = 2 (36O - 90)°. 
The nominal dwell is fixed by the phasing between the 
crank throws, eg. number of cylinders. The actual dwell 
selected may be slightly greater and is dependent on valve 
design^ tolerances, etc. By simple geometry, a 60 degree 
dwell interval represents one-quarter of piston rod stroke. 

Each piston means divides the respective cylin- 
der into a pumping chamber and an expansion chamber, so 
that the first cylinder 1*5 has first pumping and expansion 
chambers 197 and 19$, the second cylinder 136 has second 
pumping and expansion chambers 200 and 201, and the third 
cylinder has third pumping and expansion chambers 203 and 
204 respectively. The piston rod means of each, cylinder 
extends through the expansion chamber. to cooperate with the 
respective throw, that is the rotational drive means, -in 
such a manner as will be described so that three piston 
means are phased 120 degrees apart. 



The first, second and third cylinders IS5 
through 137 have respective first, second and third valve 
spools 205, 206 and 207 and first, second and third valve 
chambers" 210, 211 and 212 respectively, each spool being 

» » 

reciprocable within the respective valve chamber. ". The 
valve spools have inner ends directly connected to the 

■ 

respective piston rod means and outer ends cooperating 
with respective connecting means 215, 216 and 217 which 
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themselves cooperate with the respective crank throws. The 
spools are aligned with and rigidly connected to, but 
can be integral with, the respective piston rods and re- 
ciprocate concurrently with the respective piston means 
B» connecting means are shown diagrammatically and can 
be links hinged to the outer ends of the spools, as shown 
» M. 1, so as to interconnect the throw and spool, or 
other equivalent connecting means to accomodate the 
lateral movement of the throw can be incorporated, or 
clearly cam means or equivalent rotary drive means can be 
substituted. 



Conduit means and associated equipment cooperat 
-g with the feed pump are generally similar to those as 
previously described and are discussed briefly as follows 
Inlet conduit means 221 extend from a feed fluid supply ' 
222 through undesignated connecting conduits having simi- 

lar inlet check valves +r> 

vaxves 225 to communicate with the pumping 

chambers 197, 200 and 20 3 of the feed cylinders. Outfeed 
conduit means 227 connect the pumping chambers through 
outfeed check valves 229 and a filter 231 to a membrane 
pressure vessel 2 33 . A hydraulic accumulator 2 35 to 
reduce pressure and flow fluctuations across the membranes, 
and a pressure relief valve 2 3 6 to control maximum system 
pressure, are incorporated in the outfeed conduit means 

227. A permeate conduit 2irt n-i <=,-v,^~~ 

1 * Jts discharges permeate fluid 

from the membranes, and a conr P nr«f a : „ 

. » ia a concentrate return conduit means 



(U) 
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240 extends between the membranes and the feed pump assem- 
bly 170 to return concentrate fluid to the feed pump. 



It can be seen that the inlet conduit means 221 
communicate the feed fluid supply with the respective 
pumping chambers to admit feed fluid into the pumping 
chambers, and the outf eed conduit means 227 communicate 
each pumping chamber with the membrane means so as to con- 
duct pressurized feed fluid from the pumping chambers to 
the membrane means. The check valves 225 and 229 serve 
as the second valve means communicating with the inlet and 
outf eed conduit means to control direction of feed fluid 
fed into and out from the pumping chambers. As will be 
described, the valve spools within the respective valve 
chambers serve as first valve means to direct concentrate 
fluid as. required. 



Inner ends of the valve chambers 210, 211 and 
212 are interconnected by concentrate fluid return con- 
duit portions 242 which communicate with the return con- 
duit means 240. Outer ends of the. valve chambers are 
interconnected by exhaust conduit portions 244 which 
communicate with a final exhaust conduit 245. Intermediate 
concentrate fluid conduit means 247 and 243 extend between 
an intermediate portion of the first and second valve 
chambers 210 and 211 to connect with the second and third 
expansion chambers 201 and 204 respectively. An inter- 
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mediate concentrate fluid conduit means 249 extends from 
an intermediate position of the third valve chamber 212 to 
connect with the expansion chamber 198 of the first cylin- 
der, it being noted that this conduit means is shown 
broken and routed diagrammatic ally and is equivalent to 
the interconnections between the previously described 
valve chambers and expansion chambers. Thus, it can be 
seen that each valve chamber has at one end thereof an 
intermediate concentrate fluid conduit means interconnected 
to the concentrate fluid return conduit means 240, and an 
opposite end thereof interconnected exhaust fluid conduit 
means. Adjacent an intermediate position between ends of 
the valve chamber, intermediate concentrate fluid conduit 
means interconnect the valve chamber of one cylinder with 
the expansion chamber of one of the remaining cylinders. 
Thus, in effect, the return conduit means 240 communicates 
the membrane means with the expansion chambers of each 
cylinder so as to conduct the concentrate fluid fraction 
from the membrane means to the expansion chambers of the 
feed_ cylinder. It can be seen that,. in view of the phase 
difference between the cylinders, there is a phase differ- 
ence between each valve and its respective cylinder of 
120 degrees in the same direction of rotation. 



Each valve spool has a valve land with spaced 
seals and is subjected to reciprocation in the cylinder to 
close off the intermediate conduit portions while. per- 
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mitting fluid connections between the adjacent concentrate 
return conduit portions and exhaust conduit portions. At 
a particular instant, as shown in Fig. 7, the first valve 
spool 205 of the first valve chamber 210 is in an inter- 
mediate position, and the intermediate concentrate fluid 
conduit 247 is closed; the second valve spool-^206 is 
positioned to maintain the conduit means 243 open to ex- 
haust depressurized concentrate fluid from the expansion 
chamber 204 of the third cylinder, and the third, spool 207 
is positioned to maintain the conduit means 249 open to 
direct pressurized concentrate fluid from the membrane 
means into the expansion chamber 193 of the first cylinder 
135- The valve spools and piston rod means are shifting 
in the directions shown by undesignated arrows. Upon 
inspection of Fig. 7, it can be seen that the first cylin- 
der 135 is experiencing a pumping stroke, the second 
cylinder 136 is experiencing a dwell interval, and the 
third cylinder 137 is. experiencing an induction stroke. 

* 

The operation of the triplex feed pump 170 can 
be seen to be a combination of three single feed cylinder 
pumps with energy recovery derived from the returning 
concentrate fluid means. The feed, pumps are phased 
equally apart in a complete revolution and it can.be seen 
that the first valve means of each cylinder is a slidable 

■ • 

valve spool connected rigidly to the respective piston 
rod means, so that the valve spool connected to one piston 
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rod means controls the direction of pressurized concent rat 
fluid flow from the membrane means to the expansion chambe 
of one of the remaining two feed cylinders. Feed fluid 
flow over the membrane means is characterized by three 
distinct pressure pulses of fluid during each revolution 
of the crankshaft, which, at suitable crankshaft RPM, 
essentially eliminates stagnant flow conditions and also 
permits reduction in the size of the accumulator 235, or 
in the differential surge absorber used in the single- 
cylinder arrangement, There would also be a reduction in 
torque demand fluctuations on the crankshaft when compared 
with the single-cylinder embodiment of Fig. 1. 

The triplex pump is shown with three feed 
cylinders cooperating with a crankshaft having three 
throws, m further alternatives, additional cylinders " 
can be incorporated into the same crankcase, for example 
a quintuplex feed pump, and driven by a crankshaft having 
an appropriate number of throws. If desired, the number 
of feed cylinders used can be expanded in a manner similar 
to the multi-cylinder internal combustion engine, so as 
to be generally similar to radial engines having one or 
more banks of cylinders. The arrangement of inlet, out- 
feed and return conduit means is generally similar to that 
as described, and the first valve means, ie. the spool 
valves or equivalent, will cooperate with the rotatable 
drive means so that the respective first valve means of 
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each cylinder is phased relative to the drive means to pro 
vide a desired dwell interval between valve actuation and 

♦ 

piston means movement/ This can be attained without com- 
plex timing mechanism in a manner equivalent to that as 
5 previously described so that the valve means associated • 
with the one cylinder directs concentrate fluid to and 
from another cylinder, not necessarily an adjacent cylin- 
der but a cylinder phased so as to be at a desired dwell. 
In the multi-cylinder embodiments envisaged with two or 

10 more banks of radially disposed cylinders, there could be 
an interconnection between the valves on one bank with the 
cylinders on an adjacent bank. Clearly, many combinations 
are possible and* in particular, for valve phasing as 
above described, the total number of cylinders would be 

15 factored by an integral odd number greater than one. 

Particularly desirable numbers of cylinders are 3 and 5 
cylinder embodiments as exemplified, and these can be 
combined in two banks of totals of 6 and 10 cylinders res- 
pectively. Because of the need for substantial dwell, 

20 the. above, definition excludes feed pumps having total 

numbers of the cylinders such as 2, 4, S, 16, etc. which. 

* r * 

would result in a phase difference of 90 degrees or 130 
degrees, which would be unsuitable for providing dwell when 
using spool valves integral with piston rod means. 

25 . 

A third embodiment of the pumping apparatus 
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includes a recirculating pump apparatus 261 having a feed 
cylinder 263, a feed piston means 264 and a feed piston rod 
means 265," the feed piston means dividing the feed cylinder 
into a pumping chamber 267 and an expansion chamber 263. The 
5 feed piston means 264 is thus a feed displacer mounted on a 
feed displacer rod for axial movement relative to the rod 
of one-quarter of the stroke of the feed cylinder, similarly 
to the feed piston means of Fig. 7. A crankshaft , not 
shown, having a central axis 270, has a first throw cooperat- 
10 ing with connecting means 271 to reciprocate the piston rod 
means 26.5 in a manner similar to that previously described. 



The apparatus 261 includes first and second 
recirculating cylinders 275 and 276 having respective 

15 first and second recirculating piston means 279 and 280 

reciprocable therein. The piston means 279 and 280 have . 
recirculating piston rod means 281 and 282 connected 
thereto, and divide the first and. second recirculating 
cylinders into first front and first rear chambers 285 

20 and 286, and second front and second rear chambers 287 and 

288 respectively. The piston means 279 and 280 also serve as 
recirculating displacers and primarily displace fluid without 
material pressure increase as will be described. The recircu- 
lating piston rod means are thus recirculating displacer rods 

2 5 and extend through the respective rear chambers of the recir- 

■ * • 

culating cylinders and are sealed against leakage. 

The recirculating piston means 279 and 280' have 
similar internal fluid transfer means 283 and 284 res- 
pectively, which are adapted to permit passage of fluid 
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from the rear cylinders' to- the front cylinders thereof 
upon return strokes of the recirculating piston means. 
The piston means 279 includes piston disc 26"9 sandwiched 
for axial movement between spaced inner and outer piston 
disc stops 290 and 291. The piston disc has. a central 
bore 292 and the outer stop 291 has a plurality of trans- 
fer bores 293 which are spaced radially of the rod means 
231 to permit registration with the central bore 292 when 
the disc 2^9 is against the outer stop as shown. In this 
position there is sufficient clearance 294 between the 
inner stop and the disc to permit fluid flow between the 
chambers 2$5 and 266 by passing through the bores 293, the 
bore 292 and the clearance 294 upon a return stroke. The slid 
able disc and bores serve as the concentrate fluid transfer 
means 2S3 and the transfer means 2S4 for the piston means 
2B0 is similar. Note that, as shown, the means 26*4 is 

* 

executing a pumping stroke and the piston disc thereof 
is adjacent the inner stop, and the central bore of the 
disc is closed by the inner stop, thus preventing fluid 
transfer. The recirculating piston discs are thus valved 
for transferring fluid in one direction, and concentrate fluid 
transfer means include transfer conduit and transfer valve 
means. -It can be seen that the valved piston means functions 
similarly to a cup washer plunger as used in common bicycle 
pump and alternative valved piston means can be substituted, 
one alternative being described with reference to Fig. 10. 
The rod means 261 and 232 cooperate with rod connecting 




means 295 and 296 respectively mounted on throws of 
the crankshaft in a manner similar to the connecting means 
271. The crankshaft, which thus serves. as the rotatable 
drive means, cooperates with the recirculating piston rod 
means. so that the recirculating cylinders are phased 
equally from the feed cylinder. 



Inlet conduit means 297 communicate with the 
pumping chamber 267 of the feed cylinder through an inlet 
valve means 29# and admit feed fluid from a feed source 
300 into the feed cylinder. Outf eed conduit means 302 

■ ■ ■ 

communicate the pumping chamber through an outf eed check 
valve 304 and a filt er 305 to ct membrane pressure vessel 
306. A hydraulic accumulator 305 and pressure relief 
valve 309 communicate with the outfeed conduit 302 as 
before. A permeate discharge conduit 311 and a concentrate 
return conduit 312 discharge permeate and concentrate 
fluid fractions respectively from the membrane vessel, the 
conduit 312 comrauni eating with the first rear chamber 286 
of the first recirculating cylinder 275. 



First and second recirculating conduit portions 
313 and 314 communicate with a main recirculating conduit 
means 315 which communicates with the membrane means so 

■ ■ a 

as to be mixed with feed fluid in the outfeed conduit 
302. Similar concentrate outfeed check valves 316 are 
provided in each conduit portion 313 and 314 to control 
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direction of concentrate fluid flow to the membranes. 

■ » * 

The conduits 313 through 315 thus serve as recirculating 
conduit means extending from the forward chambers of the 
recirculating cylinder to the membrane means, and the 
outfeed valves 316 serve as recirculating valve means. 

The piston rod means 2*2 of the second recir- 
culating cylinder 276 has a first valve means 317 having 
a valve spool 31* which also is, in effect, integral with 
the piston rod means and has fluid seals spaced at oppo- 
site ends of a portion of reduced diameter 319, the 
reduced diameter portion providing clearance for fluid 
transfer to permit interconnection of valve ports. The 
piston rod 2*2 is slidable in a bore 320 which serves as 
a valve chamber for the valve spool 318. The reduced 
diameter portion 319 is positioned on the piston rod so 
that when the piston rod is adjacent a top dead center 
position thereof, the spool 31S is in a first position, 
not shown, in which an upper portion of the reduced dia- 
meter portion enters the rear chamber 2*3 to provide 
access from the chamber 2SS to the valve chamber or bore 
320. 



A first intermediate concentrate conduit means 
32A- extends between the first and second rear chambers 
2S6 and 2**, and a second intermediate concentrate con- 

" ■ * ■ 

duit means 326 extends from the bore 320 to communicate 
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with the expansion chamber 268 of the feed cylinder 263 • 
An exhaust conduit portion 328 extends from the bore 320 
to waste, to vent or exhaust depressurized concentrate 
fluid as will be described. The conduits 326 and 328 are 
5 positioned so that when the spool 31# is in a second 

position, as shown in Fig. S, the reduced diameter portion 

319 extends between the conduits 326 and 32S to inter- 
connect these conduits so that depressurized concentrate 
fluid can pass from the expansion chamber 26B to the 

10 exhaust conduit 22#« In the first position of the spool, 

which is not shown, pressurized concentrate fluid from 
the rear chamber 2#£ passes into the chamber 320, into the 
conduit 326, and then into the expansion chamber 26S. A 
third position of the valve means, also not shown, is a 

15 closed center position in which flow through the chamber 

320 is zero. The first valve means 317 thus cooperates with 

a rear chamber 2S3 of the recirculating pump cylinder 2^0, the 
first and second intermediate concentrate conduit portions 
324 and 326, and the exhaust conduit portion 328. The 
20 valv^e spool 3lS is reciprocable within the valve chamber 

» • 

320 and is connected to the piston rod means of one of 
the recirculating cylinders so as to be. phased, at 120 
degrees from actuation of the feed cylinder. 

25 Thus, in summary, it can be. seen that the 

return conduit means includes a first intermediate con- 
cent rate conduit means extending between the rear chambers 
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of the recirculating cylinders to the first valve means 
317 so that the first valve means communicates with at 
least one rear chamber. Also the second intermediate 
concentrate conduit means 326 extends from the first valve 
means to the expansion chamber 26S of the feed cylinder to 
direct pressurized concentrate fluid from the rear cham- 
bers of the recirculating cylinders into the expansion 
chamber of the feed cylinder. When the first valve means 
shifts, the second intermediate concentrate conduit portion 
326 and the exhaust conduit portion 32S communicating with 
the valve chamber 320 are interconnected and depressurized 
concentrate fluid is exhausted from the expansion chamber 
263 of the feed pump means. 



Similarly to the differential surge absorber 
15 of the Fig. 1 embodiment, the recirculating cylinders 
275 and 276 have a preferred relationship between swept 
volume of the piston means and swept volume of the piston 
rod means. To achieve the most uniform permeate fluid 
flow rates and the most uniform torque demand for each 
revolution of the crankshaft, the piston rod means 2$! 
and 262 of the recirculating cylinders each have dis- 
placements of about one-half of the displacement of the. 
piston rod means 265 of the feed cylinder 263. Fluid 
flow rates and torque demand are discussed in greater 
detail with reference to Fig. 9. 
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In operation of the pump apparatus 261, the 
feed cylinder 263 of the apparatus 26l functions similarly 

* • 

to a single feed cylinder and,, through the conduit 302, 
delivers feed fluid at membrane operating pressure to the 

> 

5 membrane means 306. Concentrate fluid rejected by the 

membranes returns through the conduit 312 and enters the 
rear chambers 2 £6 and 2 S3 of the recirculating cylinders 
in which the respective recirculating pistons are recipro- 
cating so as to be phased 120 degrees apart relative to 

10 the feed cylinder. Similarly to the single embodiment,, 
on a feed cylinder pump stroke, a portion of the.concen- 
trate fluid is depressurized in the expansion chamber 26S 
to permit recovery of some pressure energy in the concen- 
trate fluid. When the concentrate fluid enters a rear 

15 chamber of a recirculating cylinder executing a power 

stroke, pressure of the concentrate fluid acts on the 
piston and assists in returning the concentrate fluid 
to the membrane means. At the instance shown in Fig. S, 
the piston. means of the recirculating cylinder 275 and 
20 276 are experiencing return and pumping strokes res- 

■ 

pectively, and the feed cylinder is terminating an 
induction stroke whilst exhausting depressurized concen- 
trate fluid f rom the expansion chamber. 



25 Fig. 9 



The graph of Fig. 9 represents graphically the rate 

■ ■ ■ 

of net fluid displacement into and out from the high pressure 
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subjected to two pulses of fluid displaced by the piston rods o 
revolution of the crankshaft, the pulses being shown as approxi 
mate sinusoidal functions as seen by the membranes when the 
effects of the accumulator, compressibility and flow losses are 
ignored. The displacements of the three displaces are assumed 
equal. A first pulse or curve 330 represents flow displaced by 
Piston rod of the feed cylinder 263, with an irregularity 331 a' 
the beginning of flow build-up representing an initial slow 
start due to the 60 degree dwell of the piston means. If there 
were no dwell in the feed cylinder/the curve would approximate 
more closely to a sinusoid as shown theoretically at 332. The> 
pulse 330 is followed about 120 degrees later by a second puis- 
or curve 333 of concentrate fluid displaced by piston rod of the 
recirculating cylinder 276 which is followed about 120 degrees 
later by a third pulse or curve 334 of concentrate fluid dis- 
placed by the piston rod of the recirculating cylinder 275. A 
combined final or total curve 335 represents the algebraic sum 
of the three curves on the feed face of the membranes. As the 
total fluid flow past the membranes is determined by the dis- 
plays rather than the piston rods of the three cylinders, the 
circulation velocity will have three pulses per revolution like 
a conventional triplex pump. The two pulses per revolution from • 
the recirculating cylinders result in surges of pressurized con- 
centrate fluid across the membranes, which reduce concentration 
polarization effects that might otherwise occur due to flow 
stagnation before the feed cylinder delivered a following pulse 
of feed fluid. The pulses are shown to be generally sinusoidal 
in pressure and flow changes, and, because -the pulses are spaced 
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only 120 degrees apart, the diminishing flow from one pulse 
augmented .by an increasing flow from a following pulse thus 



The description above refers tn • 

Aers t0 approximate 

volume flow ~afPQ 0 r n 

-aoes oi fluid experienced r>n 

n ^ ecl on the pressurized 

membrane fa~<= hn* -;+■ ■■ j 

ouw it could also be considered as 



a re- 



presentation of tnrmD ^ 

torque demand on the crankshaft, as follows. 

»e feed cylinder 263 demands maximum torque 
on a pumping stroke, eg. about 60 degrees on either side 
of 90 degrees whilst displacing feed fluid into the high 
pressure circuit, ie. the. conduits associated with the 
membrane vessel. Simultaneously, the recirculating cylin- 
ders are phased so that their combined action withdraws 

displacement volume oni- r>r u • L 

out of the high pressure circuit, ie 

the recirculating piston rods are retracting to occupy 
less volume. m effect the recirculating cylinders are 

motoring, or being driven so that' ***** 

s xj-ven so onat each accepts about one- 

balf of the displacement of the feed evUmr. - <. 

one xeea cylinder piston rod, 

and thus the recirculating cylinders are effectively supplying 

torque to the crankshaft to assist in a feed cylinder pumping 
stroke. 



The feed cylinder 26j demands little torque 
during an induction stroke, ie. about 60 degrees on 
either side of 270 degrees, and is disengaged from the 
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high pressure circuit. However, the combined effect of 
the recirculating piston rod means is now to discharge 
fluid and to displace the previously withdrawn fluid 
volume back into the high pressure circuit. Thus the 
fluid accepted in the previous half is re-admitted into 
the high pressure circuit making a torque demand in the 

crankshaft. This is the instant shown in Fig. ft and is indi 
indicated on the graph of Fig. 9. 



When expressed mathematically, average net flow 
displaced by the pump into the high pressure circuit = 
(Flow in out feed conduit 302) + (Flow in main recirculating 
conduit 315) - (Flow in return conduit 312) = approximate 
flow in permeate conduit 311 • 



■ 

Thus the pair of recirculating cylinders are 
coupled to, and phased equally apart from, the feed cylin- 
der so that the two pulses of re -eye led concentrate fluid 
are phased equally from each main pulse of feed fluid to 
Teduce fluid pressure and flow fluctuations across the 
membranes, reducing fluctuations in the torque re- 
quirement for the drive means and resulting in smoothing 
of permeate fluid discharges from the membranes. 

* 

Fig. 10 



An alternative recirculating piston means 337 has a 
piston disc 333 mounted rigidly at an outer end of a piston rod 
means 339 and 
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The disc has a plurality of transf ^ ™ • 

*u transier conduits 340 Dassin» *u 

tteOUgh Md * — — 341 to sea, the ^ol Z 

pective recirculating cylinder. Eaoh transfer / ^ ^ 

actcfi transfer conduit h;?* => 
respective transfer valve 343, which is . flaDD , . 

t 344 to seal or o D en th ? hlnged 

open the respective transfer conduit in 

P°"se ^ fluid pressure. 

In operation, on a return stmt, m, 
opened »„h ' . stroke, the valves 343 are 

chl Md „; reSSUrlZed ««" P-ses fro ra the rear 

-hers », through the conduits 3w into ^ front ^ 

si; th ; stroke ' the vaives 343 ~ — - 

seal the transfer conduits and the piston operates as a con- 
done, p iston . Clearly the plston m ^ . - 

« « alternative recirculatin g displacer and a recirculating 
displacer rod resDeet-i vo i, r S 

respectively, and are equivalent to displacer 
279 and rod 28l of Fig. s. 

Fig. 11 

An alternative recirculating P<mp 350 has a 

crankcase cooperates with conduits in associated 

and briefly includes inlet, outfeed anrf , 

- ' outfee " and return conduits 352, 

353 a„d 354 cooperating with a source of feed fluid and mem - 

cT cr; SUre — " — • — and second ' 

recirculating. conduits 355 and 356 rnnt,' - 

m ana J50 containing recirculating 

valves 357 are provided and function in 
. .. function m a manner generally 

s-xlar to that as described in the reference to Pig. * 

The pump 350 has a feed cylinder 3 60 with a feed 

Piston means or feed displacer 3 6l and a feed piston ™h 

P .. , eeQ Piston rod means 

° r feed displacer. rod 362 simile + n +u 

similar to the previous embodiment, 
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the piston means dividing the cylinder into pump and expansion 

chambers 3 6 3 and 364 respectively. The apparatus has first and 

second recirculating cylinders 365 and 366 fitted with 

first and second recirculating piston means or displaces 367 

and 36* mounted on first and second recirculating piston or dis- 

placer rods 3 6 9 and 370. The first and second recirculating 

Pistons divide the respective cylinders into first, front 

and rear chambers 371 and 373, ^ second , front and rear 

chambers 373 and 374 respectively. The three piston rod 

means cooperate with a three throw crankshaft similar to 

that previously described, and the feed piston means 3 6l ' 

is generally similar to the piston means 264 of the 

previous embodiment. A main difference between the pump 

261 of Fig. ft and the pump 350 of Fig. 11 is that the 

recirculating means cooperating with the recirculating . 

cylinders uses external transfer conduits and transfer 

valve means, as opposed to the transfer conduits and 

valve means integral with the recirculating piston means 

279 and 230 of Fig. g. 

— 

The recirculating piston means 367 and 36S have 
generally conventional piston discs fitted rigidlv on the pis-~ 
ton rod m eans 369 and 370 and are not free for axial sliding or 
perforated for fluid transfer as in the Figs. 8 and 10 e m - 
bodi m ents. instead, the recirculating cylinders cooperate 
vath first and second transfer conduits 377 and 378 which ex- 
tend fro* the first and second recirculating conduits 355 and 
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356 respectively and are connected to the concentrate 
return conduit 354. Each transfer conduit connects with 
the respective recirculating conduit between the res- 
pective recirculating cylinder and the valve 357, and has 
a respective similar transfer valve 376 which cooperates 
with the respective conduit to direct fluid from the rear 
chamber of the recirculating cylinder to the respective 
front chamber on a return stroke of the recirculating 
piston. Thus the transfer valves and conduits transfer 
concentrate fluid from the rear to the front chambers of 
the recirculating cylinders equivalently to transfer 
means of the Fig. & embodiment. 

■ 

The pump 350 has a first valve means 3#0 which 
is a poppet valve means having first and second poppet 
valves 3^1 and 3#2 extending . into a valve chamber 3S3, 
the valves having valve actuating means, not shown, eg. 
a camshaft and followers, which are coupled to the crank- 
shaft, not shown, so as to be synchronized therewith. 
The valves are shown to be spring-closed but equivalents 
can be substituted. A first intermediate concentrate 
conduit means J$7 has two portions which connect together 
the rear chambers 372 and 374 of the recirculating cylin- 
ders and communicate with the first poppet valve 381 to 
pass fluid into the valve chamber 3S3. A second inter- 
mediate concentrate conduit means 390 extends from the 

■ * 

expansion chamber 364 of the feed cylinder to communicate 
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with. the valve chamber 3^3. An exhaust conduit 392 com- 
municates with the second poppet valve 3 £$2 to exhaust 
depressurized concentrate fluid. With suitable poppet 
valve actuation, the first valve means can be seen to 
direct concentrate fluid to the expansion chamber 364 
from the recirculating cylinders^and from the expansion 
chamber to exhaust, and, similarly to the previously 
described first valve embodiments, at no time are both 
poppet valves open. 

In operation of the pump 350, the pressurized 
concentrate fluid flow generally follows that of the 
previously described embodiment, with the exception that 
the transfer flow from the concentrate fluid recirculat- 
ing cylinders, ie. from rear to front chambers of the 
recirculating cylinders, is external of the piston means. 
Also, the poppet valve means can be operated by a cam- 
shaft to actuate exactly as desired, and clearly, when 
compared with the spool valve of the previously des- 
cribed embodiment, a greater flexibility in poppet valve 
timing can be attained and this may have advantages in 
some circumstances. Also, for simplicity, the transfer, 
valve means 376 in the recirculating conduit means can 
be adjusted conveniently externally of. the apparatus, 

i 

which contrasts with the relatively inconvenient inter-, 
nal adjustment for the valve means in the Fig- 8 embodi- 
ment . 
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One aspect of a cam controlled poppet valve 
used in the first valve means is that the greater valve 
timing flexibility permits use of a single recirculating 
cylinder. Whilst this is not illustrated, clearly a 
feed pump having one feed cylinder and one recirculating 
cylinder can be d-evised, but a spool type first valve 
means mounted on piston rod means would not provide suit- 
able dwell as described above. Thus a cam operated first 
valve means or independently timed equivalent valve would 
be used in the two cylinder embodiment. 



In summary, the pump apparatus 350 has a poppet 
valve first valve means communicating with a rear chamber 
of at least one recirculating cylinder and first and 
second intermediate concentrate conduit means. The first 
valve means cooperates with the reciprocating drive means 
so as to be phased apart from the actuation of the feed 
cylinder. The first and second intermediate concentrate 

- 

conduit means communicate the rear chambers of the recir- 
culating cylinders with the expansion chambers of the feed 
cylinder, and are closed after completion of a pumping 
stroke of the feed cylinder piston rod means and are 
opened prior to commencing an induction stroke of the. 
piston rod means of the feed cylinder. 



When considering the relative advantages of * 

■ 

the triplex feed pump of Fig. 7 and the recirculating 
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feed pumps of Figs. g and 11, it is considered that a 
triplex feed - pump operating on a 20 per cent recovery 
ratio would be suitable for larger units of 4000 litres 
per day and upwards. This is assuming the pump feed 
5 membranes having relatively long flow paths such as found 
with spiral wound or hollow fiber membranes. £or a much 
smaller unit using a triplex feed pump at 20 per cent 
recovery ratio, the flow would be to slow to avoid con- 
centration polarization and thus a recirculating feed 
10 pump would be preferred to provide higher flow rates 

without use of extremely low recovery ratios, thus re- 
ducing pumping losses. 



15 
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CLAIMS : 

1. A pumping apparatus for a membrane 
separation apparatus for separation of a feed fluid 
into permeate fluid and concentrate fluid fractions 
which respectively are permeated and rejected by 
selective membrane means, the pumping apparatus 
being characterized by: 

(a) a reciprocating feed pump means 
having a feed cylinder, a feed displacer 
and a feed displacer rod, the feed displacer 
dividing the feed cylinder into a pumping 
chamber in which the feed fluid is 
pressurized and an expansion chamber in which 
the concentrate fluid fraction is 
depressurized, the displacer co-operating 
with the displacer rod extending through 
the expansion chamber with sealing means to 
prevent leakage of fluid from the cylinder, 
the cylinder and displacer rod having 
relative diameters which define cylinder/ 
displacer rod proportions such that ratio of 
swept volume of displacer rod to swept 
volume of the displacer determines in part 
recovery ratio of permeate fluid fraction 
to total feed fluid flow, 

(b) inlet conduit means communicating 
with the pumping chamber to admit feed fluid 
into the pumping chamber, 

(c) outfeed conduit means adapted to 
communicate the pumping chamber with the 
membranes so as to conduct pressurized feed 
fluid from the pumping chamber to the 
membranes , • 
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(d) return conduit means adapted to 
communicate the membranes with the expansion 
chamber so as to conduct the concentrate 
fluid fraction from the membranes to. the 
expansion chamber, 

(e) means communicating with the 
outlet and return conduit means to reduce 
fluctuations in pressure and fluid flow 
across the membrane means, 

f) first and second valve means, 
the first valve means communicating with 
the expansion chamber and having a closed 
intermediate position between first and second 
positions, the second valve means being 
non-return valve means communicating with 
the pumping chamber, the first and second 
valve means co-operating with the conduit 
means so as to direct fluid flow from a - 
feed fluid source, and to and from the 
membrane means, and to exhaust depressurized 
concentrate fluid fraction from the expansion 
chamber/ 

(g) rotatable drive means activating 
the feed displacer rod and the first valve 
means whilst maintaining a phase angle 
difference between the feed displacer stroke 
and first valve means actuation, 

^ (h) dwell means associated with the pump 
means and the drive means to ensure that 
the first valve means is shifted across the 
closed intermediate position thereof during 
an interval of essentially zero fluid 
transfer from the cylinder after the 
beginning of each stroke of the displacer 
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rod, the dwell means being characterised 
by a yieldable means associated with the 
feed displacer and the displacer rod to 
permit relative axial movement between a 
portion of the feed displacer and the feed 
displacer rod in response to reversal of 
pump action, and co-operation between the 
feed displacer and drive means being such 
that there is a dwell interval between valve 
actuation and displacer movement sufficient 
to approximately equalize pressure 
differences across ports of the first valve 
means that are about to be opened or closed 
prior to opening of such ports, 
so that in a first position of the first valve 
means, pressurized feed fluid from the pumping 
chamber is fed to the membranes through the 
second valve means while pressurized concentrate 
fluid is discharged into the expansion chamber 
through the first valve means, so that 
depressurization of the concentrate fluid returning 
from the membrane means assists in pressurizing 
of the feed fluid, and in a second position of the 
first valve means depressurized concentrate fluid 
is exhausted from the expansion chamber through 
the first valve means while feed fluid is 
inducted into the pumping chamber through the 
second valve means. 

2. A pumping apparatus as claimed in Claim 
1 further characterized by: 

(a) a plurality of feed cylinders 
where the number of cylinders is factored 
by an odd number greater than one, each . 
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cylinder having respective feed displacera 
reciprocable within the respective 
cylinders, each feed displacer dividing the 
respective cylinder into a pumping chamber 
and an expansion chamber, each displacer 
having a displacer rod extending through 
the expansion chamber to co-operate with 
the rotatable drive means in such a manner 
that the feed displacers are phased 
angularly equally apart, 

(b) the inlet conduit means 
communicating with respective pumping 
chambers to admit feed fluid into the 

*5 pumping chambers, 

(c) the outfeed conduit means 
communicating each pumping chamber with the 
membrane means so as to conduct pressurized 
feed fluid from the pumping chambers to the 

20 membrane means, 

(d) the second valve means communicating 

with the inlet conduit means and the 
outfeed conduit means to control direction 
of feed fluid fed into and out from the 
25 _ pumping chambers, 

(e) return conduit means communicating 
with membrane means with the expansion 
chambers of each cylinder so as to conduct . 
the concentrate fluid fraction from the 
membrane means to the expansion chambers, 

(f) the first valve means co-operating 
with the rotatable drive means so that the 
valve means of each cylinder is phased at a 
dwell angle relative to the drive means of 

35 the respective cylinders to provide the 
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desired dwell interval between respective 
valve actuation and corresponding feed 
displacer movement. 

3. A pumping apparatus as claimed in Claim 
2 further characterized by: 

(a) the first valve means of each 
cylinder is actuated by a piston rod means 
of another cylinder separated by a phase 
angle which differs from 9 0° by half of the 
dwell angle. 

4. A pumping apparatus as claimed in claim 
1 in which the reciprocating feed pump means has a 
first feed cylinder and the apparatus is 
further characterized by: 

(a) second and third similar feed 

cylinders, each cylinder means having a - 

respective feed displacer reciprocable 
within the respective cylinder, each feed 
displacer dividing the respective cylinder 
into a pumping chamber and an expansion 
chamber, each feed displacer having feed 

displacer rods extending through the 
expansion chamber to co-operate with the 
rotatable drive means in such a manner that 
the three rods are phased one hundred and 
twenty degrees apart, 

(b) the inlet conduit means communicating 
with respective pumping chambers to admit 
feed fluid into the pumping chambers, 

(c) the outf eed conduit means 
communicating each pumping chamber with the 
membrane means so as to conduct 
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pressurized feed fluid from the pumping 
chambers to the membrane means, 

(d) the sec ond valve means communicating 
with the inlet conduit means and the outfeed 
conduit means to control direction of feed 
fluid fed into and out from the pumping 
chambers , 

(e) return conduit means communicating 
with membrane means with the expansion 
chambers of each cylinder so as to conduct 
the concentrate fluid fraction from the 
membrane means to the expansion chambers, 

(f) the first valve means co-operating 
15 with rotatable drive means so that the valve 

means of each cylinder is phased relative to 
the drive means to provide a nominal dwell 
interval of approximately sixty degrees 
between valve actuation and displacer 
movement to effect fluid transfer. 



20 



5. A pumping apparatus as claimed in Claim 
2 or 4 further characterised by: 

(a) the first valve means of each feed 

25 -cylinder being a slidable valve spool 

connected with the feed displacer rod so that 
the valve spool connected to the displacer 
rod of one cylinder controls the direction 
of pressurized concentrate fluid flow from 

30 the membrane means to the expansion chamber 

of one of the remaining feed cylinders. 

6. A pumping apparatus as claimed in Claim h 
further characterised by: 

^5 (a) the first, second and third feed 



%>18128 



(68) 

cylinders having respective first, second 
and third valve spools and valve chambers, 
each spool being reciprocable within the 
respective valve chamber and rigidly connected 
to the respective feed displacer rods, 

(b) each valve chamber having at one end 
thereof interconnected concentrate fluid 
return conduit means, at an opposite end 
thereof inter-connected exhaust fluid 
conduit means, and adjacent an intermediate 
position between ends of the chamber an 
intermediate concentrate fluid conduit means 
interconnecting the valve chamber of one 
cylinder with an expansion chamber of one 
of the remaining cylinders, so that phase 
difference between each valve and its 
respective cylinder is about 120 degrees 
in the same direction of rotation, 
so that at a particular instant when the first 
valve of the first valve chamber is in an 
intermediate position, the intermediate concentrate 
fluid conduit of the first valve chamber is 
closed, the second spool is positioned to exhaust 
-depressurized concentrate fluid" from the 
expansion chamber of the third cylinder, and the 
third spool is positioned to direct pressurized 
concentrate fluid from the membranes into the 
expansion chamber of the first cylinder. 

7o A pumping apparatus as claimed in Claim 1 
in which the means to reduce fluctuations in 
pressure and feed fluid flow across the membrane 
means is characterised by: 

(a) a recirculating cylinder having a 



10 



(69) 

recirculating displacer reciprocable therein 
and a recirculating displacer rod connected 
therewith, the recirculating displacer 
dividing the cylinder into front and rear 
chambers, the recirculating displacer rod 
extending through the rear chamber, the front 
chamber communicating with the membrane 
means, and the rear chamber communicating 
with the expansion chamber of the feed 
cylinder, 

(b) recirculating and transfer conduit 
and valve means co-operating with the 
recirculating cylinder to direct concentrate 

15 fluid from the front chamber to the membranes 

on a pumping stroke of the recirculating 
cylinder, and to direct concentrate fluid 
from the rear chamber to the front chamber 
on a return stroke of the recirculating 
20 cylinder, 

(c) the rotatable drive means co- 
operating with the recirculating displacer 
rod so that the recirculating cylinder is 
phased equally from the feed cylinder, 

25 ( d ) tne first valve means is connected 

to the drive means and is phased at a desired 
phase angle from the feed cylinder, and 
communicates with the rear chamber of the 
recirculating cylinder and the expansion 
30 chamber of the feed cylinder. 

+ i • 

i 

8. A pumping apparatus as claimed in Claim 
1 in which the means to reduce fluctuations in 
pressure and feed fluid flow across the membrane 
5 means is characterised by: 
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(a) at least two recirculating cylinders, 
each cylinder having respective 
recirculating displacers reciprocable therein 
and a recirculating displacer rod connected 
therewith, each recirculating displacer 
dividing its cylinder into respective 

front and rear chambers, the recirculating 
displacer rods extending through the rear 
chambers being connected together and 
communicating with the expansion chamber 
of the feed cylinder, 

(b) recirculating and transfer conduit and 
valve means co-operating with each 
recirculating cylinder to direct concentrate 
fluid from the front chamber to the 
membranes on a pumping stroke of the 
recirculating cylinder, and to direct 
concentrate fluid from the rear chamber . 

to the front chamber on a return stroke of 
the recirculating cylinder, 

(c) the rotatable drive means co-operating 
with the recirculating displacer rods so 
that the recirculating cylinders are phased 
equally from the feed cylinder, 

(d) the first valve means is connected to 
the drive means and is phased at a desired 
phase angle from the feed cylinder, and 

.. communicates with the rear chamber of the 
recirculating cylinders and the expansion 
chamber of the feed cylinder. 

9o A pumping apparatus as claimed in Claim 
in which the return conduit means includes: 
(a) first intermediate concentrate conduit 



(71) 

means extending between the rear chambers 
of the recirculating cylinders and the first 
valve means so that the first valve means 
communicates with at least one rear 
chamber of the recirculating cylinders, 
(b) second intermedrate concentrate conduit 
means extending from the first valve means 
to the expansion chamber of the feed cylinder 
to direct pressurized concentrate fluid to 
and from the expansion chamber of the feed 
cylinder; 

and in which the first valve means is further 
characterized by either: 

(a) a valve spool and a valve chamber 
communicating with a rear chamber of a 
recirculating cylinder and the first and 
second intermediate concentrate conduit means, 
the valve spool being reciprocable within 
the valve chamber and connected to the 
recirculating displacer rod of one of the 
recirculating cylinders so as to be phased 
at a desired dwell angle from the actuation 
of the feed cylinder, 
so that the first and second intermediate 
concentrate conduit means connect the rear chambers 
of the recirculating cylinders with the expansion 
chamber of trie feed cylinder for a pumping stroke 
of the feed cylinder to direct pressurized 
concentrate fluid into the expansion chamber , 
and the second intermediate conduit means connects 
the expansion chamber to exhaust for an induction 
stroke of the feed cylinder to exhaust 
depressurized concentrate . fluid ; or: 

(a) poppet valve means communicating with the 
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rear chamber of the recirculating cylinder 
and the concentrate conduit means, and 
co-operating with the rotatable drive means 
5 so as to be phased equally from the actuation 

of the feed cylinder, 
so that^the concentrate conduit means connect the 
rear chamber of the recirculating cylinder with 
the expansion chamber of the feed cylinder for a 
10 pumping stroke of the feed cylinder to direct 

pressurized concentrate fluid into the expansion 
chamber and the second intermediate conduit means 
connects the expansion chamber to exhaust for an 
induction stroke of the feed cylinder 0 

15 

10. A pumping apparatus as claimed in Claim 
7 in which the transfer valve and transfer conduit 
means are characterized by: 

(a) the recirculating displacer rod being 
a recirculating piston rod means having 
spaced apart inner and outer piston disc 
stops, the outer stop having transfer bore 
means extending therethrough and spaced 
radially of the piston rod means, 

(b) the recirculating displacer being 
a recirculating piston means having a piston 
disc having a central bore accepting and 
being slidable on the piston rod means be- 
tween the spaced stops, 

so that on a return stroke of the recirculating 
piston means when the disc is adjacent the outer 
stop, the transfer bore means of the outer piston 
disc stop are registerable with the central bore 
of the piston disc and sufficient clearance 
exists between the inner disc stop and the piston 
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disc to permit fluid flowing between the chambers 
to pass through the central bore and transfer bore 
means, and on a pumping stroke of the recirculating 
5 piston means the central bore of the piston disc 
is sealed against the inner disc stop. 

11. A pumping apparatus as claimed in Claim 
7 in which the transfer valve and transfer conduit 
10 means are characterized by: 

(a) the recirculating displacer being a 
recirculating piston disc mounted rigidly 
adjacent an outer end of a recirculating 
piston rod means, the disc having transfer 

15 conduit means passing therethrough, 

(b) transfer valve means adapted to seal or 
open the transfer conduit means in response to 

fluid pressure, 
so that on a pumping stroke of the recirculating 
piston disc the transfer valve means closes the 
transfer conduit means, and on a return stroke the 
transfer valve means opens the transfer conduit 
means . 

25 12 » Pumping apparatus as claimed in any 

preceding claim in which the means to reduce 
fluctuations in fluid flow and pressure across the 
membrane includes: 

a differential surge absorber means 
communicating with the outfeed and return 
conduit means and interposed between the 
membrane means and the first and second 
valve means to absorb pressure fluctuations 
in the feed fluid flow, 
35 wherein, 
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(a) the differential surge absorber is a 
cylinder and a piston means, the piston 
means being spring-loaded and double-acting 
5 and reciprocable with the cylinder, the 

cylinder and piston means of the differential 
surge absorber Feing of similar proportions 
to the feed cylinder and feed displacer rod 
of the feed pump means but having a 
10 displacement several times greater; 

or wherein the differential surge absorber is 

a cylinder and a piston means, the 
piston means dividing the cylinder into a 
concentrate surge absorber chamber and a 
!5 feed surge absorber chamber being exposed 

to pressurized feed fluid in the outf eed 
conduit means and the concentrate surge 
absorber chamber being exposed to the 
concentrate fluid fraction in the return 
'0 conduit means, and in which 

(a) the piston means co-operates with a 
piston rod means extending through the 
concentrate surge absorber chamber with 
sealing means to seal the surge absorber 

5- against leakage, and 

(b) spring means co-operates with the piston 
means to force the piston in a direction 

to exhaust the feed surge absorber chamber. 

' ♦ 

0 13. Pumping apparatus as claimed in any 

preceding claim in which the yieldable means 
associated with the feed displacer is characterized 
hy: 

(a) the feed displacer rod being a piston 
rod means haying a pair of spaced stop means, 



) 



(75) 

(b) the feed displacer having a piston disc 
with a bore accepted as a sliding fit on the 
piston rod, the piston disc being interposed 
between the stop means, spaces between the 
stop means and thickness of the disc 
permitting relative axial sliding between 
the disc and the piston rod limited by the 
stop means, 

so that stroke of the piston rod means is greater 
than stroke of the piston means to permit valve 
shifting; or in which the displacer, displacer 
rod and dwell means are characterised by 

(a) flexible diaphragm means attached to 
piston rod means and separating the pump 
chamber from expansion chamber, 

so that resilience of the diaphragm provides dwell 

to permit timely valve shifting; or in which 

the yieldable means associated with the feed 
displacer and displacer rod are characterised by: 
(a) a flexible dished piston disc mounted 
on a piston rod means, the disc deforming 
such that travel of an outer rim thereof 
is less than travel of the piston rod means; 
or in which the drive means for the pump means and 
the dwell means is characterized by: 

(a) a rotating shaft having displacement 
and dwell means co-operating therewith so 
that after the first valve means has been 
shifted to attain one of the first or second 
positions thereof, the direction of 
displacement of the feed displacer is reversed 
to transfer fluid to and from the feed 
cylinder, and : 
(b) the rotating shaft having crank throws 
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and respective rod connecting means coupled 
to the displacer rod and first valve means 
respectively, the throws being spaced apart * 

* 

so as to provide the desired phase 
difference between the valve actuation and 
pump stroke. 

14. A method of membrane separation of a feed 
fluid into permeate fluid and concentrate fluid 
fractions which are respectively permeated and 
rejected by selective membrane means, the membrane 
means being exposed to pressurized feed fluid 
supplied by a reciprocating feed pump means having 
a feed cylinder, a feed displacer and a feed 
displacer rod, the displacer dividing the cylinder 
into a pumping chamber in which feed fluid is 
pressurized and an expansion chamber in which 
concentrate fluid is depressurized, valve means 
in conduit means associated with the chambers 
determining fluid flow directions to and from the 
membrane means, the method being characterized 
by steps of: 

(a) as the displacer rod initiates an induction 
stroke, permitting yielding between portions 

of the displacer and the displacer rod so 
that there is relative movement therebetween, 

(b) whilst inducting feed fluid into the 
pumping chamber, simultaneously exhausting 

depressurized concentrate fluid from the 

. •• 

expansion chamber, 

* 

(c) after the end of the induction stroke 
of the feed displacer, shifting the valve 
means across a closed intermediate position 
thereof during an interval of zero fluid 



10 



15 



(77) 

transfer in the cylinder, and when pressure 
difference across the valve means is 
relatively low, 

(d) as a displacer rod initiates a pumping 
stroke, permitting yielding between portions 
of the displacer and the displacer rod so 
that there is relative movement therebetween 

(e) whilst pressurizing feed fluid in the 
pumping chamber to force the pressurized 
feed fluid to the membrane means, 
simultaneously admitting into the expansion 
chamber pressurized concentrate fluid 

■ - 

fraction from the membrane means to 
depressurize the concentrate fluid fraction 
to supplement energy supplied to the feed 
displacer in the pumping stroke, so that 
pressure differences across the displacer 
are relatively low, 

(f) after the end of the pumping stroke of 
the feed displacer, shifting the valve means 
during an interval of zero fluid transfer 
in the expansion chamber and when pressure 
difference across the valve means is 
5 relatively low. 

15. A method as claimed in claim 14 further 
characterized by: 

(a) upon initiation of an induction stroke 
and upon initiation of a pumping stroke, 
simultaneously permitting limited intermixing 
across the feed displacer of fluid in the 
expansion and pump chambers. 
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16. a method as claimed in Claim 14 furth 
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characterised by: 

(a) pumping concentrate fluid across the 
membranes from a recirculating cylinder 
coupled to the feed pump means, the 
recirculating cylinder being phased equally 
apart from the feed cylinder, 
so that a recirculating pulse of re-cycled 
concentrate fluid is phased equally from a main 
pulse of feed fluid so as to reduce fluid pressure 
and flow fluctuations across the membranes and 
to reduce fluctuations in the torque requirements 
for the drive means „ 



17 # A method as claimed in Claim 14 further 
characterised by: 

(a) pumping concentrate fluid across the 
membranes from a pair of recirculating 
cylinders coupled to the feed cylinder means, 
the recirculating cylinders being phased 
equally apart from the feed cylinder and from 
each other, 

so that two recirculation pulses of recycled 
concentrate fluid are phased equally from each 
main pulse of feed fluid so as to smooth fluid 
pressure and flow fluctuations across the 
membranes and to reduce fluctuations in the 
torque requirements for the drive means. 
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